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We study a cogenesis mechanism in which the observed baryon asymmetry of the universe and the 
dark matter abundance can be produced simultaneously at low reheating temperature without violating 
baryon number in the fundamental interactions. In particular, we consider a model which can be realized 
in the context of type IIB large volume string compactiﬁcations. The matter superﬁelds in this model 
include additional pairs of color triplet and singlet superﬁelds in addition to the Minimal Supersymmetric 
Standard Model (MSSM) superﬁelds. Assuming that the mass of the additional singlet fermions is O(GeV)
and of the color triplet fermions is O(TeV), we show that the modulus dominantly decays into the 
additional color triplet superﬁelds. After soft supersymmetry (SUSY) breaking, the lightest eigenstate of 
scalar component of color triplet superﬁeld further decays into fermionic component of singlet superﬁeld 
and quarks without violating baryon number. Imposing discrete Z2 symmetry, it follows that the singlet 
fermion will not further decay into the SM particles and therefore it can be considered as a stable 
asymmetric dark matter (ADM) component. We ﬁnd that the decay of the lightest eigenstate of scalar 
component of color triplet superﬁeld gives the observed baryon asymmetry in the visible sector, an 
asymmetric dark matter component with the right abundance and naturally explains cosmic coincidence.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
In cosmology some of the important puzzles are related to the 
origin of baryon asymmetry of the universe and the nature of dark 
matter. The comparable values of dark matter density and baryon 
density [1] DMh20 ∼ 5 Bh20 points to the possibility that they 
might have a common origin. However, the standard paradigm 
adopts completely different mechanisms to explain observable 
baryon asymmetry of the universe and dark matter abundance. 
The baryon asymmetry is generated from an initially baryon–
antibaryon symmetric universe by considering baryon number (B), 
C and CP violating processes that went out of equilibrium in the 
early universe, while the dark matter density is produced by con-
sidering weakly interacting massive particles (WIMPs) (with mass 
around O(100) GeV) with the relic density being determined by 
the freeze out condition. The fact that they have a comparable 
abundance is often referred to as the “cosmic coincidence” puz-
zle. Recently, the CDMS Collaboration has reported an excess in the 
* Corresponding author.
E-mail addresses: mansi@prl.res.in (M. Dhuria), chandan@prl.res.in (C. Hati), 
utpal@prl.res.in (U. Sarkar).http://dx.doi.org/10.1016/j.physletb.2016.03.018
0370-2693/© 2016 The Authors. Published by Elsevier B.V. This is an open access article
SCOAP3.dark matter events [2] which sets an upper limit of O(10−41) cm2
on the value of spin-independent (SI) dark matter-nucleon cross 
section for dark matter mass around 10 GeV at 3.1σ signiﬁcance 
level. The excess reported by the CoGeNT Collaboration [3] also 
hints at a light dark matter mass, almost in the same region of pa-
rameter space. The data taken by the XENON100 experiment [4]
also gives a very stringent constraint on SI dark matter-nucleon 
cross section which points towards a dark matter mass around 
O(GeV). The light dark matter is often also motivated due to the 
possibility of explaining 3.5 KeV X-ray line by radiative decay of 
O(GeV) neutral dark matter particle [5]. However, for an O(GeV)
mass the thermal WIMPs give over-abundance of dark matter par-
ticle for annihilation cross-section less than 10−26 cm2, and thus 
the alternative schemes where an O(GeV) mass dark matter can 
be accommodated have gained signiﬁcant attention. To this end, 
the cogenesis scenarios are particularly interesting because they 
have an attractive feature of explaining the observed baryon asym-
metry of the universe together with an asymmetric dark matter 
component which can naturally satisfy the criterion for O(GeV)
mass dark matter. Furthermore, the apparent coincidence of the 
baryon and dark matter densities can also be addressed in such 
a framework using the underlying connection between the baryo-
genesis scenarios and dark matter production. There exist several  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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neous generation of baryon (or lepton) asymmetry and the asym-
metric dark matter abundance. The cogenesis of both without vio-
lating B or B − L is discussed in Refs. [7].
From a top-down model building perspective, an UV completed 
supersymmetric model may entail the existence of WIMPs, known 
as the modulus (moduli). In N = 1 supergravity limit of string 
theory, the moduli appear while compactiﬁcation of the extra di-
mensions takes place [8]. The decay of moduli ﬁelds has signiﬁcant 
implications for the cosmological history of the universe [9]. The 
entropy released due to late decay of the lightest modulus di-
lutes the existing baryon asymmetry of the universe as well as the 
relic abundance of dark matter produced at high scale. However, 
the correct amount of dark matter can be produced non-thermally 
from the decay of modulus into the lightest supersymmetric par-
ticle. The non-thermal realization of dark matter is discussed in 
Refs. [10–13] in the context of Minimal Supersymmetric Standard 
Model (MSSM) and string-motivated models. Given that the decay 
of heavy modulus leads to very low reheating temperature, it ren-
ders electroweak baryogenesis and leptogenesis impossible. How-
ever, it is possible to accommodate direct baryogenesis and correct 
dark matter abundance by considering late-decaying moduli in the 
schemes implementing presence of additional color triplet super-
ﬁelds along with MSSM superﬁelds [14–16], and with implemen-
tation of other mechanisms [17,18]. The coincidence problem has 
also been addressed by considering Aﬄeck Dine (AD) baryogenesis 
in the presence of moduli in Refs. [20,19]. Interestingly, the de-
cay of lightest string modulus into its superpartner axion can also 
explain the source of dark radiation [21–23].
In this work, we propose a model for moduli induced cogene-
sis which simultaneously generates the baryon asymmetry of the 
universe and an asymmetric dark matter (ADM) component with 
a dark matter mass around 5 GeV. In this model, the particle con-
tent includes two additional iso-singlet color triplet superﬁelds χ
and χ¯ with hypercharges −4/3 and 4/3 respectively and two sin-
glet superﬁelds N and N¯ .1 Due to the presence of the pair of 
the additional superﬁelds with opposite hypercharges, the terms 
analogous to the Giudice–Masiero term [24] in the Kähler poten-
tial dictate the decay width of modulus into both colored and 
singlet superﬁelds. In N = 1 supergravity, the effective supersym-
metric mass terms as well as soft SUSY breaking terms depend 
on coupling strength of the hidden sector ﬁeld (modulus) to the 
visible sector ﬁelds [25]. Interestingly, the effective masses of ad-
ditional colored(singlet) superﬁelds are also governed by the same 
Giudice–Masiero like term(s) considered in the Kähler potential. 
Therefore, the coeﬃcient of interaction term responsible for the 
decay of modulus into the pair of colored(singlet) superﬁelds i.e. 
the coeﬃcient of new Giudice–Masiero like term(s) can be con-
strained based on given masses of the superﬁelds. In this model 
the mass of color triplet superﬁelds being heavier as compared 
to the mass of singlet superﬁelds, the modulus would preferably 
decay into pair of color triplet superﬁelds. Now the scalar com-
ponent of color triplet superﬁelds further decays into quarks and 
additional singlet fermions and the baryon number of the color 
triplet superﬁeld gets distributed between quark and additional 
singlet fermion. By imposing a discrete Z2 symmetry, we ensure 
that the singlet fermion will further not decay into the Standard 
Model (SM) particles and therefore can be considered as dark mat-
ter component. The decay process is baryon number conserving at 
tree level as well as at one-loop level, however, it is CP asymmetric 
1 Though the particle content is quite similar to the model considered in Ref. [16], 
the cogenesis mechanism producing baryon asymmetry and dark matter discussed 
in this work is completely different.at one-loop level due to the presence of soft SUSY breaking terms. 
Consequently, an asymmetry is generated in both the visible and 
the dark matter sector. We ﬁnd that the symmetric component 
of dark matter gets annihilated for a dark matter mass O(GeV), 
and the required order of baryon asymmetry and dark matter relic 
abundance can be successfully generated in this mechanism for 
certain values of Yukawa couplings.
The outline of the rest of the paper is as follows. In section 2, 
we brieﬂy describe a phenomenological model that can be ob-
tained as a low energy limit of the large volume scenario (LVS) 
proposed in the context of type IIB string compactiﬁcations. In 
section 2.1, we discuss all possible decay modes of the modulus 
and give the corresponding decay widths showing that the mod-
ulus dominantly decays into pair of Higgs, axions and additional 
color triplet and singlet superﬁelds introduced in the low energy 
spectrum, depending on the coeﬃcients of the interaction terms. 
In section 2.2, we show that due to the heavier mass of color 
triplet superﬁelds as compared to singlet superﬁelds, the modulus 
preferably decays into pair of color triplet superﬁelds. In section 3, 
we propose a new mechanism which can simultaneously generate 
the observed baryon asymmetry and the dark matter abundance 
without violating baryon number in the fundamental vertex. In 
section 3.1, we discuss the possible decay mode of scalar compo-
nent of color triplet superﬁeld into quarks and additional singlet 
fermions, generating a baryon asymmetry. Next we argue that the 
singlet fermion will further not decay into the (MS)SM particles 
in presence of the Z2 symmetry and therefore can be considered 
as a stable dark matter candidate. In section 3.2, we discuss a 
mechanism to annihilate the symmetric component of dark matter, 
leaving only the asymmetric component accounting for the dark 
matter relic abundance. In section 4, we summarize our results 
and conclude.
2. A phenomenological model based on large volume scenario 
and modulus decay
The presence of gravitationally coupled moduli ﬁelds can have 
signiﬁcant impact on the standard cosmology. During inﬂation i.e. 
when the Hubble expansion rate H inf m , modulus () gets sig-
niﬁcantly displaced from the minimum of its potential [26]. Thus, 
if one takes into consideration the presence of modulus and high 
scale inﬂation, it is a rather generic consequence to expect the 
modulus to be displaced from the low-energy minimum by an 
amount || = ∣∣〈〉inf − 〈〉0∣∣≈ MP . Since the energy density of 
these oscillations dilutes in the same way as non-relativistic mat-
ter, they will come to dominate the expansion of the universe. 
This will continue until the modulus decays at a time t ∼ −1 , 
transferring the remaining oscillation energy into radiation, hence 
reheating the universe at a late time. The reheating temperature 
after the modulus decay is given by [9]
TR = 1
g∗1/4
√
MP , (1)
where g∗ is the total number of relativistic degrees of freedom and 
 is the decay width of the modulus. The number density of any 
particle X produced from the decay of the modulus is given by
Y X = YBrX = 3TR
4M
BrX . (2)
It has been a challenging task to obtain a realistic low energy 
spectrum in string compactiﬁcations. The foremost step while con-
structing reals in string compactiﬁcations is the issue of moduli 
stabilization. A realistic model should be able to realize de-Sitter 
minima and also avoid Cosmological Moduli Problem (CMP) [27]. 
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framework to build consistent MSSM-(like) chiral model in which 
soft terms are calculated explicitly. Let us consider the Large Vol-
ume type IIB compactiﬁcation scheme initially proposed in [28,
29]. The volume of the Calabi–Yau (CY) manifold is of swiss-cheese 
type, given by V ∼ (τ 3/2B − λατ 3/2α ), where τB denotes the big di-
visor volume modulus which mainly controls the size of the CY 
volume and τα ’s correspond to small divisor or blow-up moduli 
ﬁelds. The volume moduli are complexiﬁed by associating them 
with four-form axions. The spectrum also takes into consideration 
dilaton (S), complex structure moduli (U) and two-form axions. 
The Kähler potential of the effective theory includes Kähler mod-
uli and perturbative α′ corrections. The superpotential includes 
nonperturbative contribution effects on the small blow-up mode. 
Interestingly, the (non)perturbative corrections in the effective po-
tential lead to the nonsupersymmetric anti-de Sitter minima when 
the volume of the Calabi–Yau manifold is very large [28]. The vis-
ible/MSSM sector in this scenario is realized by including D3/D7 
branes on blow-up modes [30]. The soft SUSY breaking terms are 
calculated from the nonvanishing F-terms corresponding to the 
hidden-sector moduli. The pattern of the soft-terms depend on the 
location of the D-brane in the bulk geometry. If the MSSM-like 
divisor is placed in the proximity of main source of SUSY break-
ing sector, it will give soft term masses of the order of gravitino 
mass. If location of D-brane is geometrically separated from dom-
inant SUSY breaking sector, it will give smaller mass of sparticles 
as compared to the gravitino mass, known as sequestered string 
models.
In this work, we follow the sequestered Large Volume Models 
discussed in Refs. [31,32]. The relevant scales in this model are 
given by
(i) string scale Mstring = MP /
√
V,
(ii) Kaluza–Klein scale MKK = MP /V 23 ,
(iii) gravitino massm3/2 = W0MP /V,
(iv) lightest “big” divisor modulus MτB =m3/2/
√
V,
where W0 corresponds to tree level contribution arising from 
ﬂuxes. The soft terms as well as supersymmetric mass terms are 
evaluated by expanding the Kähler potential and superpotential as 
a power series expansion in the matter superﬁelds respectively. 
The analysis of soft terms in Ref. [32] is given in two limits, namely 
(i) local limit, (ii) ultra-local limit. The classiﬁcation is based on the 
precise form of the Kähler metric which is used to obtain Yukawa 
couplings independent of the compactiﬁcation volume. Since the 
analysis of the soft terms also depends on that particular form of 
Kähler metric, it generates different pattern of soft SUSY breaking 
terms in different limits. In this paper, we consider ultra local limit 
in which
(i) gaugino massm1/2 ∼m3/2/V,
(ii) sfermion massm2αβ/m
2
soft ∼O(m21/2),
(iii) higgsino mass parameter μ ∼O(m1/2),
(iv) soft Higgs mixing term Bμ ∼O(m21/2),
(v) trilinear soft termsAαβγ ∼O(m1/2). (3)
The requirement of msoft ∼O(TeV) constrains the value of CY vol-
ume V ∼O(1) × 107 in string length units. The choice of V ∼ 107
also provides 60 e-folds of inﬂation, generating right amount of 
density perturbations in this model [33].
We assume that the blow-up mode upon which visible sector is 
realized by wrapping D3/D7-brane, includes aforementioned new set of (s)particles in addition to the MSSM spectrum. Therefore, 
the matter Kähler potential for our model includes the soft SUSY 
breaking terms corresponding to additional superﬁelds also.
2.1. Modulus decay
There are multiple moduli present in the LVS model described 
in Refs. [31,32], however only the lightest modulus couples to the 
(MS)SM as well as the additional ﬁelds. Below we give the kine-
matically possible decay modes of the lightest “big” divisor volume 
modulus into different modes, studied extensively in Ref. [21].
The Kähler potential involving the “big” divisor volume is given 
by
Kˆ = −3 ln (TB + T¯ B) , (4)
with TB = τB + iaB , where τB is the real volume modulus and aB
is four-form axion. This leads to the interaction terms
L= 3M
2
P
4τ 2B
∂μτB∂
μτB + 3M
2
P
4τ 2B
∂μaB∂
μaB . (5)
Canonically normalizing the volume modulus  =
√
3
2 lnτB , one 
obtains
L= 1
2
∂μ∂
μ + 1
2
(
3
2
exp
[
−2
√
2
3
(

MP
)])
∂μaB∂
μaB . (6)
(i) Decay into axions: Utilizing the above, the decay width for 
the modulus decaying into axions is given by
→aBaB ∼
1
48π
m3
M2P
. (7)
(ii) Decay into gauge bosons: The coupling of the modulus to 
the gauge bosons is obtained through gauge kinetic function. In 
LVS model, the SM arises from wrapping D-branes on the blown-
up modulus, so there is no direct tree-level coupling of the volume 
modulus τB to gauge bosons (Aμ). The effective interaction term 
appearing at one-loop level is given by
L= λaαSM
4πMP
Fμν F
μν + . . . . (8)
This leads to decay width given by
→Aμ Aμ ∼
(αSM
4π
)2 m3
M2P
. (9)
(iii) Decay into MSSM scalars: The couplings to matter scalars 
are given by
K = −3 ln (TB + T¯ B)+ CC¯
TB + T¯ B
. (10)
After canonical normalization, the interaction term is given by
L= 1
2
√
2
3

(C¯C + CC¯) . (11)
The decay width for the matter scalars is given by
→CC¯ ∼
m2softm
M2P
. (12)
(iv) Decay into matter fermions and gauginos: Using equa-
tion (10), the coupling of matter fermions and gauginos to the 
volume modulus is given by
L= λ  λ¯μσ¯mDmλμ. (13)
MP
M. Dhuria et al. / Physics Letters B 756 (2016) 376–383 379It leads to a decay width
→λλ¯ ∼
m2λm
M2P
. (14)
(v) Decay into the Higgs: The coupling of the modulus to the 
Higgs ﬁelds is dominated by the Guidice–Masiero coupling in the 
Kähler potential
K = −3 ln (TB + T¯ B)+ 1(
TB + T¯ B
) (HuHu† + HdHd†)
+
(
zHuHd
TB + T¯ B
+ h.c.
)
. (15)
After canonical normalization, the decay width into pair of Higgs 
is given by
→HuHd ∼
z2
24π
m3
M2P
. (16)
If the Higgs possess a shift symmetry [34], then z = 1 and decay 
width is proportional to m3/M
2
P .
(vi) Decay into color triplets: We consider an analogue of 
Guidice–Masiero term for additional color triplet superﬁelds un-
der consideration. So, the coupling of the modulus to the pair of 
color triplets is given by
K = 1
TB + T¯ B
(
χχ † + χ¯ χ¯ †
)
+
(
zχχχ¯
TB + T¯ B
+ h.c.
)
, (17)
where zχ is an undetermined constant. After canonical normaliza-
tion of the volume modulus, the interaction term is given by
L= 1
2
√
2
3
zχ
MP
[(
∂2†
)
χ˜ ˜¯χ + F∗χχ¯
]
, (18)
where χ˜ and ˜¯χ correspond to scalar component of pair of color 
triplet superﬁelds while the fermionic components are expressed 
in the same notations as of color triplet superﬁelds. Here, F φ∗
is the supersymmetry breaking F-term corresponding to modulus 
ﬁeld. Utilizing above, the decay width for both scalar and fermionic 
component of color triplets is given by
→χχ¯ = →χ˜ ˜¯χ ∼
z2χ
24π
m3
M2P
. (19)
(vii) Decay into singlets: Similar to the case of color triplets, the 
coupling of the modulus to the pair of singlets is given by
K = 1
TB + T¯ B
(
NN † + N¯ N¯ †
)
+
(
zNNN¯
TB + T¯ B
+ h.c.
)
, (20)
where zN is an undetermined constant. After canonical normaliza-
tion of the volume modulus, the interaction term is given by
L= 1
2
√
2
3
zN
MP
[(
∂2†
)
N˜ ˜¯N + F∗NN¯
]
, (21)
where N˜ and ˜¯N correspond to scalar component of pair of singlet 
superﬁelds while the fermionic components are expressed in the 
same notations as of singlet superﬁelds. Again, F φ∗ is the super-
symmetry breaking F-term corresponding to modulus ﬁeld. Utiliz-
ing above, the decay width for the modulus decay into both scalar 
and fermionic component of singlets is given by

→N˜ ˜¯N = →NN¯ ∼
z2N
24π
m3
M2
. (22)
PSince msoft, mgaugino m , it is clear from equations (12) and (14)
that couplings of the modulus into (s)particles as well as gaugi-
nos are suppressed. The modulus can dominantly decay into any 
of the pair of Higgs, axions, color triplets χ and singlets N de-
pending on the value of the coeﬃcients of the interaction coupling 
of the modulus to the same. In the next subsection, we show that 
the coeﬃcient of the interaction term coupling the modulus to the 
pair of color triplets χ and singlets N , e.g. zχ and zN , can be con-
strained based on the masses of these particles.
For  ∼m3φ/M2P , the reheating temperature after decay of the 
modulus is given by TR = 1g∗1/4
√
MP . For the lightest modulus 
mass mφ ∼ MP /V3/2 ∼ O(1) × 107 GeV and taking V ∼ 107 and 
g∗ ∼O(100), we obtain TR ∼ 10 GeV.
2.2. Constraints on the modulus interaction to color triplet (singlet) 
superﬁelds
In N = 1 supergravity limit of any superstring model, the effec-
tive mass term of any matter superﬁeld obtains contribution from 
both superpotential as well as Kähler potential, and the values of 
both supersymmetric mass term and soft SUSY breaking parameter 
corresponding to any matter superﬁeld depend on the interaction 
of the hidden sector ﬁeld with the matter superﬁelds [25]. Hence, 
one can naively expect that the coeﬃcient of the interaction cou-
pling of the hidden sector ﬁeld to the matter superﬁelds can be 
constrained depending on the mass of the matter superﬁelds. We 
explicitly describe this situation in the context of sequestered large 
volume compactiﬁcation model below.
The soft terms as well as supersymmetric mass terms for the 
MSSM have already been calculated in the context of sequestered 
LVS model in Refs. [31,32]. Similar to the MSSM superﬁelds, the 
soft SUSY mass terms of additional superﬁelds under considera-
tion will also depend on their interaction with moduli (hidden 
sector ﬁelds). We impose an additional discrete Z2 symmetry un-
der which additional color and singlet ﬁelds are odd, while all the 
SM and MSSM ﬁelds are even. This symmetry restricts some of the 
coupling between additional superﬁelds and (MS)SM superﬁelds. 
Including additional color triplet superﬁelds (χ, χ¯ ) and singlet su-
perﬁelds (N , N¯ ), the matter superpotential is given by2
Wmatter = μ()HuHd + 16Yijk ()C
iC jCk
+ Mχ ()χχ¯ + MN ()NN¯ + κi()N χ¯uci + · · · . (23)
The Kähler potential corresponding to matter superﬁelds is given 
by
Kmatter = K˜ i(, ¯)
∣∣∣Ci∣∣∣2 + K˜χ (, ¯) |χ |2 + K˜N (, ¯) |N |2
+
(
Zh(, ¯)HuHd + Zχ (, ¯)χχ¯ + ZN (, ¯)NN¯ + h.c.
)
,
(24)
where Zχ (, ¯) = zχ fχ (, ¯), ZN (, ¯) = zN fN (, ¯) and Ci , 
i = 1, 2, 3 correspond to the three generations of MSSM super-
ﬁelds. The general expression for supersymmetric mass term as-
sociated with superﬁeld χ is given by
Mˆχ =
(
eK/2Mχ +m3/2Zχ − F¯ I¯∂ I¯ Zχ
)(
K˜χ K˜χ¯
)−1/2
, (25)
where Kˆ corresponds to the Kähler potential as deﬁned in eq. (4), 
F¯ I¯ = e K2 K I¯ J D JW , and the indices I , J correspond to the number 
of moduli. The ﬁrst term in the above expression appears from 
2 Note that the couplings like χdid j in the superpotential are forbidden due to 
Z2 symmetry.
380 M. Dhuria et al. / Physics Letters B 756 (2016) 376–383the superpotential while the second and third terms appear from 
the Kähler potential. Similar to the higgsino mass parameter μ in 
the MSSM, Mχ is just an input parameter which can be made to 
vanish under general assumptions [35]. Also, the ﬂux general su-
perpotential W0 ∼ 1 in large volume compactiﬁcations. Following 
Refs. [31,32], mass term Mˆχ similar to the higgsino mass parame-
ter μ in the MSSM will be proportional to3
Mˆχ ∼O(1)zχm1/2 ∼O(1)zχ MPV2 . (26)
For V ∼ O(1) × 107, we obtain Mˆχ ∼ O(TeV) if one considers 
zχ = 1.
The soft SUSY breaking Lagrangian for additional superﬁelds is 
given by
L=m2χ˜ |χ˜ |2 +m2˜¯χ | ˜¯χ |2 + (Bχ Mˆχ )χ˜ ˜¯χ
+m2N˜ |N˜|2 +m2˜¯N |
˜¯N |2 + (BN MˆN )N˜ ˜¯N + h.c. (27)
The soft scalar mixing term associated with superﬁeld χ is given 
by
Bχ Mˆχ
∣∣∣
F
=
(
K˜ 2χ
)−1/2 {
2m23/2Zχ − 2m3/2 F¯ I¯∂ I¯ Zχ
+m3/2F I
[
∂I Zχ − Zχ∂I ln
(
K˜ 2χ
)]
− F I F¯ J¯
[
∂I∂ J¯ Zχ − ∂I Zχ∂ J¯ ln
(
K˜ 2χ
)]}
, (28)
where F¯ I¯ = e K2 K I¯ J D JW , and the indices I , J correspond to the 
number of moduli. Following Refs. [31,32], the value of BχMχ
(similar to the soft SUSY breaking term corresponding to the 
higgsino mass parameter (Bμ) in the MSSM) is given by
Bχ Mˆχ ∼O(1)zχm21/2. (29)
The mass matrix in the (χ˜ , ˜¯χ ) basis can be diagonalized by the 
transformations
χ˜ = cos θχ˜+ − sin θe−iφχ˜−,
˜¯χ∗ = sin θeiφχ˜+ + cos θχ˜−. (30)
In the diagonalized basis, the mass eigenvalues for the scalar com-
ponent of χ are given by
m2χ˜± =
∣∣∣Mˆχ ∣∣∣2 + m
2
χ˜
+m2˜¯χ
2
+
√√√√(m2χ˜ −m2˜¯χ
)2
2
+
∣∣∣Bχ Mˆχ ∣∣∣2, (31)
with
tan2θ =
∣∣∣Bχ Mˆχ ∣∣∣
m2
χ˜
−m2˜¯χ
, φ = Arg(Bχ Mˆχ ) sgn
(
m2χ˜ −m2˜¯χ
)
. (32)
Due to universality of the soft terms masses m2
χ˜
=m2˜¯χ =m2soft, the 
above equation reduces to
m2χ˜± =
∣∣∣Mˆχ ∣∣∣2 +m2soft ± ∣∣∣Bχ Mˆχ ∣∣∣ . (33)
For zχ = 1, one obtains Bχ Mˆχ = m2soft. Hence, the lightest mass 
eigenvalue of scalar component of χ is the same as the fermion 
3 Since second and third terms in equation (25) depend only on moduli, the su-
persymmetric mass term remains same for all visible sector superﬁelds except the 
coeﬃcient of Giudice–Masiero term zi .mass Mˆχ . Thus both scalar and fermionic components of χ will 
be of O(TeV) if zχ = 1.
Similarly, we have
MˆN ∼O(1)zNm1/2 ∼O(1)zN MPV2 . (34)
For V =O(1) ×107, we obtain MˆN ∼O(GeV) for zN = 0.005. The 
value of BN MˆN is given by
BN MˆN ∼O(1)zNm21/2. (35)
The mass eigenvalues for the scalar component of N is given by
m2N˜± =
∣∣∣MˆN ∣∣∣2 +m2N˜ ±
∣∣∣BN MˆN ∣∣∣ . (36)
For m2N˜ ∼ m2soft and BN MˆN ∼ 0.005 m2soft, the eigenvalues of the 
scalar component of N will be O(TeV) even for zN ∼ 0.005. By 
using equations (19) and (22), it implies that
→NN¯
→χχ¯
∼ 10−5, (37)
which clearly shows that the modulus will dominantly decay into 
the pair of color triplet superﬁeld (χ, χ¯ ) as compared to the pair 
of singlet superﬁelds (N , N¯ ).
3. Cogenesis mechanism
In this section, we discuss the cogenesis mechanism in which 
both the baryon asymmetry as well as the dark matter abundance 
are produced via baryon number conserving decay of a singlet su-
perﬁeld N . As mentioned earlier, we are consider the mass of the 
fermionic component of (N , N¯ ) to be of the order of GeV, while 
the masses of fermionic components of (χ, χ¯ ) to be of the order 
of TeV. The modulus decaying into any of these particles as well as 
the other particles will dilute the pre-existing baryon asymmetry 
as well as the dark matter density produced at high temperature. 
As a result, the baryon asymmetry and the dark matter density 
have to be created via some other mechanism at low tempera-
ture. It follows from the results for the decay of the modulus into 
different species (discussed in the previous section) that the mod-
ulus can dominantly decay into the pair of Higgs, axions and color 
triplets. We are interested in a scenario where the baryon asym-
metry can be produced at a low temperature through the decay 
of χ and in the process, one ends up with an asymmetric compo-
nent of dark matter with a mass O(GeV) giving the correct relic 
density.4
3.1. Baryon asymmetry and asymmetric dark matter
In this subsection, we describe a mechanism of baryogenesis 
where the fundamental interactions conserve baryon number, and 
the baryogenesis happens by generating certain amount of asym-
metry in both the visible and the dark sector. We show that the 
decay products of the lightest eigenstate of χ˜−( ˜¯χ−) can simultane-
ously explain the observed baryon asymmetry and give rise to an 
asymmetric dark matter component, if N is light (mass O(GeV)). 
The ratio of dark matter abundance to baryon abundance is given 
by
ADM
B
= YADMYB
mADM
mB
. (38)
4 Though the Higgs can further decay into the SM particles, however it is not very 
relevant for explaining baryogenesis and dark matter abundance in our scenario. 
Similar conclusions follow for closed (open) string axions.
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The cosmic coincidence ADM/B ∼ 5 is satisﬁed if YADM ∼ YB ∼
10−10 for a dark matter mass MN around 5 GeV. In the previ-
ous section, we have seen that modulus decays dominantly into 
pair of χ and χ¯ superﬁelds. A cartoon showing the decay of the 
modulus into color triplet superﬁelds which further decay into a 
singlet and a quark is given in Fig. 1. Using the interaction term 
given in equation (23), it follows that lightest mass eigenstate of 
χ(χ¯) decays into quarks and fermionic component of the singlet 
superﬁeld N (N¯ ). The χ and χ¯ have baryon number assignments 
B = +2/3 and B = −2/3 respectively, while N and N¯ have baryon 
numbers B = +1 and B = −1 respectively. Therefore, the interac-
tion of χ with N and u¯ conserves baryon number. The scalar and 
fermionic components of χ and χ¯ have R-parity assignments +1
and −1 respectively, while the scalar and fermionic components 
of N and N¯ have R-parity assignments −1 and +1 respectively. 
It follows that the decay process also conserves R-parity. Further, 
we impose a discrete Z2 symmetry under which additional color 
and singlet ﬁelds are kept odd, while all SM and MSSM ﬁelds 
are even. The symmetry ensures that the fermionic component of 
N (N¯ ) will further not decay into the SM particles. Consequently, 
the fermionic component of N superﬁeld produced during decay 
of N˜− can be considered as a stable asymmetric dark matter par-
ticle. Thus, it follows that the decay of a scalar component of N
generates an equal and opposite amount of baryon asymmetry in 
the visible sector and the dark sector i.e.
YB +YDM = 0⇒ YDM = −YB . (39)
Let us ﬁrst calculate the baryon asymmetry generated in the 
visible sector. We begin by considering a single generation of sin-
glet superﬁeld N . The CP violation arises due to the soft SUSY 
breaking terms. The degeneracy between the two states belong-
ing to the supermultiplet of a same generation can be removed 
by including the SUSY breaking effects and the CP violation occurs 
due to the interference between the two states of a single genera-
tion [36,37], as compared to conventional baryogenesis mechanism 
where at least two generations are required for CP violation. The 
SUSY breaking Lagrangian involving χ and χ¯ superﬁelds is given 
by
Lsoft =m2i jχ˜ †i χ˜ j +m2i j ˜¯χ
†
i
˜¯χ j + Bχ i j Mˆχ i jχ˜i ˜¯χ j
+ Aijkκi jkχ˜iN˜ j u˜∗k + h.c., (40)
where indices i, j, k correspond to the different generations of the 
particles. The evolution of system governing χ −χ † mixing is given 
by [36,37]
〈χ˜ |H|χ˜ †〉 = Mχ(12) − i2χ(12). (41)
This induces a mass difference mχ˜ and a decay width difference 
χ between two states given by
|χ˜±〉 = p|χ˜〉 ± q|χ˜ †〉, R = |q/p|. (42)Fig. 2. Feynman diagrams contributing to baryon asymmetry and dark matter asym-
metry via baryon number conserved interaction vertex.
The tree level and the one-loop diagrams responsible for generat-
ing CP violation are shown in Fig. 2. The interaction Lagrangian in 
the mass basis (χ˜+, χ˜−) is given by
−Lint = κ√
2
χ˜+N u¯ + κ√
2
χ˜−N u¯ + h.c. (43)
Now, if we start with equal densities of χ˜ and χ˜ † at t = 0, then 
after some time t the states evolve into
χ˜ (t) = f+(t)χ˜ (0) + q
p
f−(t)χ˜ †(0),
χ˜ †(t) = q
p
f−(t)χ˜ (0) + f+(t)χ˜ †(0), (44)
where
f+(t) = e−imχ˜ te−χ˜ t/2 cos(mχ˜ t/2),
f−(t) = e−imχ˜ te−χ˜ t/2 sin(mχ˜ t/2). (45)
Here, χ˜ corresponds to total decay width of χ˜ . Now the excess 
of N , u¯ over N c , u¯c is given by
χ =
∫∞
0 dt (A − B)∫∞
0 dt (A + B)
, (46)
where
A =  (χ˜ (t) →N u¯)+ (χ˜(t)† →N u¯),
B =  (χ˜ (t) → N¯ u¯c)+ (χ˜(t)† → N¯ u¯c). (47)
The decay width for the decay modes of χ˜ (t) and χ˜ (t)† is given 
by5
(χ˜(t) →N u¯) = (χ˜(t)† → N¯ u¯ci ) = X1|MuN |2 f+(t),
(χ˜(t)† →N u¯) = X1|MuN |2R−2 f−(t),
(χ˜(t) → N¯ u¯c) = X1|MuN |2R+2 f−(t), (48)
where X1 is the normalization factor and MuN is the amplitude of 
the decay mode considered. Incorporating these expressions into 
equation (46), the asymmetry parameter is given by [36,37]
χ = 1
2
(∣∣∣∣ qp
∣∣∣∣
2
−
∣∣∣∣ pq
∣∣∣∣
2
) ∫∞
0 dt | f−|2∫∞
0 dt
(
| f+|2 + | f−|2
) , (49)
with∣∣∣∣ qp
∣∣∣∣
2
−
∣∣∣∣ qp
∣∣∣∣
2
∼ Im χ(12)
Mχ(12)
= χ Im A
BχMχ
, (50)
and ∫∞
0 dt | f−|2∫∞
0 dt
(
| f+|2 + | f−|2
) = (Mχ )2
2(2χ + (Mχ )2)
. (51)
5 Since we are working with a single generation, the direct CP violation [38] can 
be neglected. Therefore, the amplitude of the decay process (χ˜(t) → Nuc ) and its 
CP conjugate state are the same.
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κκ†
4π Mˆχ . The asymmetry is given by
B = χ
2χ + B2χ
Bχ Im A
2Mˆχ
. (52)
Using eqs. (26) and (33), we have Bχ Mˆχ = Mˆχ ∼ O(TeV), and 
κ  1, implying χ < Bχ . In the small κ limit, the above equa-
tion reduces to
B = κ ImA
8π
Mˆχ
Bχ Mˆχ
, (53)
where A = κ A. The baryon asymmetry generated from the modu-
lus decay is given by
YB = nB − nB¯
nγ
= Y χ˜ B . (54)
Since the Yukawa couplings do not depend on the compactiﬁcation 
volume in this model, we choose κ ∼ 10−2. For A ∼ O(TeV), we 
get B = 10−3.
Now using equation (2), the value of Y χ˜ is given by
Y χ˜ = YBrχ = 3TR4M Brχ . (55)
For Brχ = 1, TR ∼ 10 GeV and m ∼ 5 × 107 GeV, we get Y χ˜ ∼
10−7. Finally, from equation (54) the baryon asymmetry is given by 
YB ∼ 10−3−7 = 10−10, which is the observed baryon asymmetry 
of the universe. From equation (39), the asymmetry in the dark 
matter sector is also given by YDM ≡ YN ∼ 10−10.
3.2. Annihilation of the symmetric dark matter component
In additional to an asymmetric DM component, a symmetric 
non-zero DM density can also be produced either directly via the 
modulus decay (with a very small branching ratio) or via χ decay. 
In order to ensure that the symmetric component is not out-of-
equilibrium initially and starts to get depleted, the annihilation 
cross section of the symmetric component should be higher than 
the freeze-out cross-section corresponding to number density of 
DM produced after modulus decay. On the other hand, the asym-
metry generation mechanism presented in the previous section 
dynamically produces an excess of particles over antiparticles in 
both visible and the dark sectors during decay of χ . In order to 
ensure that an overall dark matter abundance is asymmetric, one 
also needs to ensure that the symmetric component of dark matter 
produced during decay of χ gets depleted eﬃciently. The fractional 
asymmetry [39,40] in case of asymmetric DM is deﬁned by
r = n(N )
n(N¯ ) (56)
where r = 0 and r = 1 correspond to complete asymmetric and 
symmetric DM abundance respectively. Solving the Boltzmann 
equation yields the late time dark matter asymmetry [39,40] given 
by
r∞ = exp
[
−2
(
σ0
σWIMP
)(
1− r∞
1+ r∞
)]
→ exp
[
−2 σ0
σWIMP
]
(57)
where σ0 corresponding to DM annihilation is related to thermally-
averaged cross-section by
〈σ0v〉 = σ0
(
T
)n
, (58)
MNwith n = 0 and 1 for s-wave and p-wave annihilation respectively. 
Thus, Eq. (57) right away tells that r∞ depends exponentially on 
the annihilation cross section and complete annihilation of the 
symmetric part of DM in ADM models requires an annihilation 
cross-section
σ0 ≥ few× σWIMP. (59)
In our model, the annihilation of N and N c can be mediated 
through electroweak neutral Z boson. The thermally averaged an-
nihilation cross section for NN c → Z → f f¯ is given by
〈σ |v|〉annihilation = σ0 ∼ 14π
g′2g2M2N
M4Z
, (60)
where g′ corresponds to the gauge coupling of neutral Z boson to 
the pair of singlet superﬁelds (N , N¯ ), g corresponds to the gauge 
coupling of Z boson to a pair of fermions, MZ is the mass of Z
boson and the annihilation is presumed to be s-wave.
Now, the freeze-out cross-section can be roughly estimated by 
the rule of thumb given by
 = n〈σ |v|〉 = H, (61)
similar to the case of WIMP dark matter. However, in this case 
the reference temperature is the reheating temperature after the 
decay of the modulus. The Hubble expansion rate is given by 
H = 1.67√g∗ T
2
R
MP
. The density of the symmetric component of N
is given by n = BrN 3TR4m × s, where s is the entropy density. Using 
s = 2π245 g∗T 3R , the freeze-out cross-section is given by
〈σ |v|〉freeze out = 50
π2
√
g∗
m
BrN T 2RMP
. (62)
Using TR = g−1/4∗
√
MP ,  ∼ 124π
m3
MP
, m ∼ O(1) × 107 GeV
and BrN ∼ 10−5, we get
〈σ |v|〉freeze out ∼O(1) × 10−9 GeV−2 ∼O(1) × 10−26 cm3 s−1,
(63)
On the other hand, the thermally averaged cross-section for 
thermal WIMP with mass ≤ few GeV is 〈σ |v|〉WIMP ∼ (4.5 − 5) ×
10−26 cm3 s−1. In Eq. (60), taking g ∼ 0.7, g′ ∼ 0.8 and MN =
5 GeV, we ﬁnd
〈σ |v|〉annihilation
= σ0 ∼ 〈σ0v〉 ∼ 3× 10−8 GeV−2 ∼ 3× 10−25 cm3 s−1. (64)
Thus it follows that 〈σ |v|〉annihilation > σ |v|〉freeze-out and conse-
quently the symmetric component of the abundance of singlet 
fermion N is not out-of-equilibrium and starts to get depleted. 
While, 〈σ0v〉 > 〈σ |v|〉WIMP ensures that the symmetric component 
of the initial dark matter abundance, produced during modulus de-
cay and asymmetry generation from decay of χ , gets annihilated 
rapidly and does not contribute to ﬁnal the dark matter relic abun-
dance in our scenario. Thus, we conclude that the all symmetric 
DM density gets annihilated away and required DM abundance is 
produced due to an overall asymmetric DM density only.
4. Concluding remarks
We have discussed a cogenesis mechanism unifying the gener-
ation of both baryon asymmetry of the universe and dark matter 
abundance in a model which can be obtained from a low energy 
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lus (generically present in string models) dilutes the pre-existing 
baryon asymmetry and dark matter abundance of the universe. 
To avoid the cosmological moduli problem (CMP) one requires a 
very heavy modulus, which decays post inﬂation to give a low 
reheating temperature. Therefore one needs to consider a post re-
heating mechanism for generating the baryon asymmetry as well 
as the dark matter abundance. In this work, we show that both 
the baryon asymmetry and the non-thermal dark matter abun-
dance can be generated simultaneously from the decay of a pair 
of color triplets produced after reheating. We consider the mass 
of the fermionic component of the pair of color triplets and sin-
glets to be 1 TeV and 5 GeV respectively. We demonstrate that in 
the context of N = 1 supergravity, the interaction coupling of the 
modulus to the pair of singlet superﬁelds as well as the colored 
superﬁelds can be constrained depending upon the masses of the 
same. We ﬁnd that the branching ratio of the modulus decaying 
into the pair of additional singlets is suppressed by a factor of 10−5
as compared to the decay of the modulus into the pair of color 
triplets. Therefore, we conclude that the modulus will dominantly 
decay into pair of color triplets. The lightest eigenstate of scalar 
component of the color triplet further decays into singlet fermion 
and up type quark. Imposition of a discrete Z2 symmetry ensures 
that the singlet fermion does not further decay into the SM par-
ticles and therefore it can be considered as a stable dark matter 
candidate. The CP asymmetry is generated via the interference of 
tree level and one loop diagrams for the decay of color triplets 
in the presence of soft SUSY breaking terms. We ﬁnd that it is 
possible to obtain the observed baryon asymmetry of the universe 
and the asymmetric dark matter abundance by considering dark 
matter mass around 5 GeV, and the cosmic coincidence is natu-
ral in this scenario. Thus, if TeV scale colored ﬁelds are found at 
the LHC, it will have a very profound consequences for explaining 
the observed baryon asymmetry of the universe, the dark matter 
abundance and the cosmic coincidence.
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